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BACKGROUND 

1. Field of the Invention 

The present invention relates to electrically erasable and programmable read-only 
memory (EEPROM) technology. More particularly, to a NAND memory device having 
improved reliability. 

2. Description of the Related Art 

A conventional NAND array memory device is described with reference to FIG. 1, 
which is a simplified cross sectional diagram of the conventional NAND array having a 
floating gate memory cell 10. Memory cell 10 is a floating gate transistor having a 
control gate 14 separated from a polycrystalline silicon floating gate 16 by an upper 
insulating layer 18, typically an ONO stack. Floating gate 16 is separated from a 
substrate 20 by a lower insulating layer or tunnel oxide layer 22, typically of Si02. The 
substrate includes n+ source/drain regions 24, a p-doped body region 26, and an n+ drain 
region 28 as in a conventional NMOS enhancement mode transistor. 

To program the conventional floating gate memory cell 10, control gate 14 is 
biased at a relatively high voltage of approximately 20 volts while body region 26 is 
grounded. The high voltage on the control gate 14 induces electrons from body region 26 
to tunnel through tunnel oxide layer 22 and into floating gate 16 through a conventionally 
known process called Fowler-Nordheim (F-N) tunneling. The floating gate 16 
accumulates negative charge thereby increasing the threshold voltage of memory cell 10. 
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Erasing occurs by biasing body region 26 at a high voltage of approximately 20 volts 
while the control gate 14 is grounded causing the electrons from floating gate 16 to tunnel 
through tunnel oxide layer 22 and into the body region 26. 

In a NAND-type memory device it is generally desirable to use a thin tunnel oxide 
5 region so as to maintain a reasonably high injection field (E in j) value. The high injection 
value should be of the order of that needed across the oxide during programming and 
erasing. F-N tunneling typically requires injection fields on the order of about 10 Mv/cm 
to narrow the silicon-oxide energy barrier so that electrons can tunnel from the silicon 
into the oxide. The Ej n j value of the silicon-oxide interface can be calculated as shown in 
1 0 Equation 1 , where V app represents the voltage on the floating gate, Vfb represents the 
flatband voltage, and T ox represent the oxide thickness: 

J! Einj = (Vapp _ Vfb)/ T ox Eq. 1 

M ■ 

105 Equation 1 shows that for a given voltage applied on the floating gate and a given 

- fs;; 

iy flatband voltage, the injection field is inversely proportional to the thickness of the oxide. 

^ Therefore, thin oxides must be used in devices which are to be used to achieve large 

M 

""•4 injection fields at moderate voltages. 

1^ The continuous charging and discharging of the floating gate occurs in the active 

2t> region of the substrate which includes channel region 30 and overlap regions 32. Most of 
the electric flow occurs in the channel region 30 because of the large area it occupies and 
to a lesser extent in overlap regions 32 which occupies a smaller area. Unfortunately, it 
has been shown that the continuous cycling of electrons through tunnel oxide layer 22 
through overlap region 32 may degrade the quality of the tunnel oxide in that region and 
2 5 eventually lead to breakdown and/or current leakage, which reduces the endurance and 
data retention capability of cell 10. 
In channel region 30, 



Einj = (V app . Vfl,- 24> F y Tox Eq. 2 
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where 2(j) F = (kT/q)log(NAA/nj). The term 2(J> F is the amount of surface band bending at the 
SiCVSi interface due to carrier inversion. Naa is the channel doping concentration and nj 
is the intrinsic carrier concentration. Typically, Vfb = -1.0 volt. 
In overlap region 32, 

Einj 5 = (V app . Vfb')/ T ox Eq.3 

where Vm' = 0 volts for n+ poly gate and n+ source/drain region. 
Therefore, in general 

Ejnj > Ei n j 

For these reasons, what is desired is an NAND array, which has improved 
reliability. Particularly, what is needed is a NAND array that has an improved silicon- 
tunnel oxide interface that reduces the potential for breakdown or current leakage in the 
overlap region while maintaining a relatively high injection field for programming and 
erasing functions. 

SUMMARY 

The present invention provides an improved NAND-type memory cell structure 
having improved reliability and endurance. As described above, a high risk area for oxide 
breakdown or current leakage exists in the oxide layer, source/drain overlap region. To 
reduce the risk, the present invention provides a NAND-type memory cell fabricated 
using controlled formation of the tunnel oxide layer. 

Advantageously, the tunnel oxide layer is formed over the active region of the 
substrate, such that the thickness of the tunnel oxide in the overlap region is greater than 
the thickness of the tunnel oxide in the channel region. Preferably, as indicated above 
with reference to Equation 1 , for a given voltage an increase in the thickness of the tunnel 
oxide layer portion in the overlap region will cause the injection field at the overlap 
region to be reduced. By reducing the injection field in the overlap region, the potential 
for oxide breakdown and/or current leakage in the overlap region is reduced as well. The 
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tunnel oxide layer portion overlaying the channel region of the active region is thinner 
than the oxide layer in the overlap region, thus ensuring that a suitable injection field is 
attained for programming and erasing functions. 

In one aspect of the invention a memory cell is provided. The memory cell 
5 includes a semiconductor substrate which has a first region and a second region of one 
conduction type, and a channel region therebetween of an opposite conduction type. The 
memory cell also includes a gate insulating layer, which may be formed over the 
substrate. The gate insulating layer may have a first thickness formed over the first region 
and the second region, and a second thickness formed over the channel region. 
10 In another aspect a method for fabricating a memory cell is provided, which 

includes providing a semiconductor substrate which has a first region and a second region 

0 of one conduction type and a channel region therebetween of an opposite conduction type. 
The method also includes forming a first portion of a gate insulating layer over the first 

■g; region and the second region; and forming a second portion of the gate insulating layer 
"IS 5 over the channel region. The first portion will be formed with a first thickness, while the 
IU second portion will be formed to have a second thickness. 

The present invention may be better understood, and its numerous objects, 

)h features, and advantages made apparent to those skilled in the art by referencing the 

1 ^ 

Id, accompanying drawings. 




BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a simplified cross-sectional diagram of a conventional floating gate 
memory cell of a NAND array; 
2 5 FIGS. 2A-2B. are simplified illustrations of cross-sectional views of portions of an 

improved memory device in various stages of fabrication according to principles of the 
present invention; and 

FIG. 3 is a simplified illustration of a cross-sectional view of an improved NAND- 
type memory cell according to the principles of the present invention. 
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DETAILED DESCRIPTION 

Referring now to FIG. 2A, in one embodiment of the present invention, a portion 
of a NAND-type memory cell 40 is formed of an active region having a deep N-well 42 
and a P-well 44. The P-well region 42 has a source region 46 and a drain region 48. 

In this embodiment, a tunnel oxide layer 50 is formed or grown over the active 
region of memory cell 40. Tunnel oxide layer 50 is preferably an SiC>2 layer, grown by 
passing oxygen over an Si substrate in a furnace at a temperature of approximately 
1200°C. In a preferred embodiment of the invention, illustrated in FIG. 2B, tunnel oxide 
layer 50 is formed in a two step process. First, a first portion 52 of tunnel oxide layer 50 
is formed over the substrate active region as described above. First portion 52 may have a 
thickness T that is equal to a thickness necessary for ensuring that the injection field is 
such that the risk of cell failure in the overlap regions 58 is reduced. The thickness T of 
first portion 52 may range from between about 15 nm to about 30 nm, preferably between 
about 1 8 nm and 25 nm, for example 20 nm. By using a tunnel oxide thickness in these 
ranges, the field injection in the overlap region maybe made equal to between about 
4 MV/cm and 6 MV/cm, preferably 5 MV/cm. These injection field ranges lead to a 
current density in the overlap region of between about 5.3 x 10" 19 A/cm 2 and 5.1 x 10" 10 
A/cm 2 , preferably 1.25 x 10* 13 A/cm 2 . By reducing the injection field and current density, 
the risk of oxide breakdown and/or current leakage is reduced. 

Next, as shown in FIG. 2B, a second portion 54 of tunnel oxide layer 50 is formed 
directly into first portion 52. The second portion is a recessed portion 54, formed into a 
section of layer 50 that is directly over channel region 56— the predominate area of 
electron flow during programming and erase functions of the cell. Recessed portion 54 is 
cut into, removed from, or otherwise formed into tunnel oxide layer 50 using a typical 
oxide layer removal means. For example, in one embodiment, a portion 54 of tunnel 
oxide layer 50 may be removed, except for regions that overlap with source region 46 and 
drain region 48 by use of a conventional anisotropic dry etch technique. A suitable dry 
etch technique directs a mixture of Cb and HBr gases with flow rates of about 30 seem 
and 70 seem, respectively, at tunnel oxide layer 50 until a predetermined depth is 
obtained. 

As best illustrated in FIG. 2B, the remaining portion of the tunnel oxide layer 50 
in recessed portion 54 is thinner than the oxide layer in the overlap region. The thin oxide 
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layer may have a thickness T' over channel region 56, which may range from between 
about 4 nm to about 12 nm, preferably between about 8 nm and 10 nm, for example 9 nm. 
By using a tunnel oxide thickness in these ranges, the field injection in channel region 56 
may be made equal to between about 8 MV/cm and 1 1 MV/cm, preferably 10 MV/cm. 
5 These injection field ranges lead to a current density in active region 56 of between about 
between about 1.878 x 10' 5 A/cm 2 and 0.121 A/cm 2 , preferably 0.01 14 A/cm 2 . 

In a specific embodiment, described here by way of example with no intention to 
limit the invention thereby, memory cell 40 as shown in FIGS. 2 A and 2B, has tunnel 
oxide layer 50 formed over active region 56. Layer 50 also overlaps a portion of source 
1 0 region 46 and drain region 48 indicated as overlap regions 58. In this example, tunnel 
oxide layer 50 is formed with a preferred thickness of about 20 nm. When a voltage 
p of 10 V is applied across the 20 nm of thick tunnel oxide in overlap regions 58, an 
/q injection field of approximately 5 MV/cm is attained. Following the formation of 
M layer 50, a portion of layer 50 is etched out to form a recess in the portion of the layer 

i 

Set- 

13.5 formed over channel region 56. In this example, recessed portion 54 has a thickness T' of 
\%\ about 10 nm. When a voltage of 10 V is applied across the 10 nm thick recessed oxide 
U layer 54, an injection field of 10 MV/cm is attained. Thus, as illustrated, Ei n j in overlap 
kt 4 region 58 is half that of Ej n j the channel region. Hence, less degradation in the tunnel 
1^ oxide in the overlap region 58 is expected. Therefore, retention and endurance of the 
1^0 memory cell is improved, for example, by an order of magnitude. 

Referring now to FIG. 3, the remainder of the memory cell as shown, may be 
fabricated in the conventional manner described below. A layer of amorphous silicon 62 
is deposited over the recessed tunnel oxide layer 60 using a chemical vapor deposition 
(CVD) process. The CVD process involves directing a mixture of silane gas (SiH4) and a 

2 5 phosphene (PH3) and helium gas mixture towards tunnel oxide layer 60 in an environment 

with a temperature between 510 and 550 °C, preferably 530 °C. The flow rate of the 
silane gas is between about 1500 seem and 2500 seem, preferably 2000 seem. The flow 
rate of the phosphene-helium gas mixture is between about 15 seem and 30 seem, 
preferably 22 seem. In the phosphene and helium gas mixture, phosphene is provided at 

3 0 approximately one percent of the mixture. In this embodiment, the desired doping level 

in the amorphous silicon is between about lxlO 19 atoms/cm 3 and 5xl0 19 atoms/cm 3 , 
preferably 2xl0 19 atoms/cm 3 . Alternatively, a layer of amorphous silicon 62 may be 
deposited over tunnel oxide layer 60 using a low pressure chemical vapor deposition 
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(LPCVD) process. In either alternative, the resulting amorphous silicon layer 62 
corresponds to floating gate 16 of FIG. 1 when it is subsequently annealed. 

A first oxide layer is deposited over floating gate 62 using a Low Pressure 
Chemical Vapor Deposition (LPCVD) process. In the LPCVD process, silane and N 2 0 
5 gases are directed towards the surface of the semiconductor substrate at flow rates of 
about 20 seem and 1200 seem, respectively. The resulting structure is then heated to a 
temperature of 750 °C in an environment with a pressure of 600 millitorr (hereinafter 
"first oxide heating step")- In this embodiment, the thickness of first oxide layer 44 
is 50 A. 

10 Next, a middle nitride layer is deposited using an LPCVD process. First, a 

mixture of dichloro-silane gas (SiFfeCk) and ammonia gas (NH3) are directed towards the 
Q structure with flow rates of about 100 seem and 600 seem, respectively. The resulting 
,B structure is then heated to a temperature of 760 °C. In this embodiment, middle nitride 
^5 layer 48 is formed to a thickness of approximately 80 A. 

13.5 An upper oxide layer is then formed on the resulting structure using a wet thermal 

||j oxidation process. First, O2 and H 2 are directed to the structure at flow rates of 5 L/min 
U« and 9 L/min, respectively. The resulting structure is then heated to 950 °C. In this 
'y embodiment, approximately 20 to 25 A of the middle nitride layer are oxidized to form 
!«£ a 40 to 50 A thick upper oxide layer 52. In this embodiment, the first oxide layer, the 
1 3 0 middle nitride layer, and the upper oxide layer together form an ONO stack 64 as shown 
in FIG. 3, which is approximately 130 A. 

After formation of ONO stack 64, a second layer of amorphous silicon 66 is 
deposited over ONO stack 64 using an LPCVD process. The LPCVD process involves 
directing a mixture of silane gas and a phosphene-helium gas-compound towards 

2 5 structure 64 with flow rates of about 2000 seem and 75 seem, respectively, in an 

environment with a temperature of about 530 °C. In the phosphene-helium gas- 
compound, phosphene represents one percent of the mixture. In this embodiment, the 
desired doping level of the second layer of amorphous silicon 62 is about 2xl0 20 
atoms/cm 3 . The second layer of amorphous silicon corresponds to an intermediate form 

3 0 of a second layer of polysilicon (poly II layer) 66. In this embodiment, the thickness of 

the poly II layer is about 1200 A. 
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Next, tungsten silicide (WSi x ) layer is deposited conventionally over the device by 
a mixture of WFe and silane using an LPCVD process. The value of x varies from 2.1 
to 2.6. In this embodiment, the thickness of the tungsten silicide layer 66 is about 1500 A. 

In one embodiment, a silicon oxy-nitride (SiON) layer is deposited conventionally 
over poly II layer 66 using a mixture of silane and N2O in a CVD process. In this 
embodiment, the thickness of SiON layer is about 1000 A. 

The processing steps remaining to complete the NAND-type memory may include: 
etching SiON layer, tungsten silicide layer, poly II layer 66, and ONO 64 from above 
source region 46 and drain region 48; an MDD implant in source region 46 and drain 
region 48; an MDD anneal; a spacer deposition and etch; a contact mask and etch; and an 
HTO deposition. The process steps, thus described, are intended to illustrate one 
embodiment of the fabrication process for a representative NAND-type memory cell. 
Modifications, additions, and deletions to the above process may be made while 
maintaining the scope of the present invention. 

Although the present invention has been described with reference to specific 
embodiments, these embodiments are illustrative only and not limiting. Many other 
applications and embodiments of the present invention will be apparent in light of this 
disclosure and the following claims. 



